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Understanding the emergent phenomena of QCD

“In philosophy, systems
theory, science, and art,

parts emergence occurs when an
entity is observed to have
propetrties its parts do not
have on their own, properties
or behaviors which emerge
only when the parts interact in
a wider whole.” Wiki
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An example of hadron structure (1D)

parton distribution

function (PDF) k+
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Parton momentum fraction relative to parent hadron
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An example of hadronization (1D)
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functions (FFs)
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Hadron structure in interacting theory

UV singularity
Definition of PDFs in field PDFs will depend on when the field
theory requires renormalization scale and its ST
renormalization RGEs are the famous DGLAP 2€ro
equations
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Other examples of hadron structures: spin structures

Unpolarized pdfs
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Helicity distribution
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Today’s understanding
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Beyond 1D: Nuclear femtography
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Parton distribution
functions (PDFs) f(é-)

Transverse f(g k )
momentum 9 T

distributions (TMDs)

Generalized parton f (5 , bT )

distributions (GPDs)




3D structures

TMDs

RGEs of TMDs are more
complex -> Collins, Soper,
Sterman (CSS)

dw—d2 N _
f(& kr) = / w167r3wT e T kT T (N ¢i(0,w_awT)7+¢i(0) |N)

GPDs

FE =




Ok, so how do we get these structures?

eg.

Route 1: Sol CD '
olve Q on a CO|T(x,). .. P(xy)[0D = /Vj[dd)]e’sfd’](p(xl)--~¢(x1v)-

supercomputer (lattice QCD)

possible , but still in its infancy

Route 2: Use high energy
experimental reactions and QCD

factorization



High energy scattering

What part of this is the
“‘internal structure”?

Want to see
internal structure

But we only see debris

Factorization
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Example: Deep-inelastic scattering (DIS)

©- 5l N) » F

do

d3r

Interpretation

=

Collision dependent factor

z/?'

Internal structure

(%)

TN

\\/

Error of approximations

13



Factorization in other reactions

hadronization

SIA
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structure + hadronization ..and many more
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Universality

cross sections described by universal
non-perturbative functions, e.g. PDFs, FFs
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QCD global analysis

Experiments = theory + errors

Posterior Prior
distribution distribution
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p(a|data) ~ L(a,data)nr(a)
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RGE boundary conditions
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The QCD global analysis paradigm
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An example: JAM20-SIDIS

Moffat, Melnitchouk, Rogers, NS

+SIA +SIA + D IS +S[DIS +SlDlS
kaons hadrons pxons

prior samples '

posterior samples '
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An example: JAM20-SIDIS

Moffat, Melnitchouk, Rogers, NS
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An example: JAM20-SIDIS

Moffat, Melnitchouk, Rogers, NS
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An example: JAM20-SIDIS

Moffat, Melnitchouk, Rogers, NS
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An example: JAM20-SIDIS

Moffat, Melnitchouk, Rogers, NS

=
ot

SIA (K¥)

=
ot

] The simultaneous fit of

Lgh 06 08 PDFs and FFs provides
' new insights on nucleon
1.0 strangeness

=
w

SIDIS (K+, K™)




Summary: Nuclear femtograph
a worldwide effort
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